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The complete nonstructural NS5 gene of dengue type 1 virus, Singapore strain S275/90 (D1-S275/90) was expressed in
Escherichia coli as a glutathione S-transferase (GST) fusion protein (126 kDa). The GST–NS5 fusion protein was purified
and the recombinant NS5 protein released from the fusion protein by thrombin cleavage. The recombinant NS5 had a
predicted molecular weight of 100 kDa and reacted with antiserum against D1-S275/90 virus in Western blot analysis. The
purified recombinant NS5 protein possessed RNA-dependent RNA polymerase activity which was inhibited (99%) by
antibodies against the recombinant NS5 protein. The polymerase product was shown to be a negative-stranded RNA
molecule, of template size, which forms a double-stranded complex with the template RNA. q 1996 Academic Press, Inc.
INTRODUCTION doplasmic reticulum membranes (Lubiniecki and Henry,
1974; Ng et al., 1983; Chu and Westaway, 1985, 1987;
The genome of dengue virus contains a single posi-
Grun and Brinton, 1986; Bartholomeusz and Wright,
tive-stranded RNA molecule which has a type I cap at
1993). Both the NS3 and NS5 nonstructural proteins have
its 5* end and lacks a poly(A) tail at its 3* end (Wengler
been located in these subcellular compartments but their
and Wengler, 1981). It contains a single open reading
exact roles in viral replication are not known (Chambers
frame which is translated into a large polyprotein that is
et al., 1990; Westaway and Shew, 1977). Rabbit antiserum
subsequently processed by both host and viral proteases
to NS3 or NS5 was able to inhibit the polymerase activity
into three structural (C, prM, and E) and seven nonstruc-
in cell fractions (Bartholomeusz and Wright, 1993) con-
tural proteins (NS1 to NS5) in the order 5* NC-C-prM-E-
firming that NS3 and NS5 are involved in RNA replication.
NS1-NS2A-NS2B-NS3-NS4A-NS4B-NS5-NC 3*. The NS5
However, these studies did not exclude the contribution
protein, with a molecular weight of 100 kDa, is the largest
of other accessory viral or host proteins present in the
and most conserved of the viral proteins (Chambers et
infected cell extract. Many fundamental questions still
al., 1990).
remain unanswered by these studies such as the initial
When the first flavivirus, yellow fever virus, was com-
cycle of minus-strand synthesis following entry of virus
pletely sequenced, Rice et al. (1985), aligned the pre-
into host cells and the control mechanisms in the RNA
dicted amino acid sequence of NS5 with the polymerases
synthesis.
of several positive-strand animal and plant RNA viruses
Although NS5 has been implicated as the viral poly-
and found short homologous regions which probably rep-
merase (Rice et al., 1985), direct evidence has been lack-
resent common functional domains of RNA-dependent ing. The expression of recombinant NS5 protein and in
RNA polymerase. The highly conserved Gly-Asp-Asp vitro study of its polymerase activity will confirm its role
polymerase motif was identified in the NS5 protein in in dengue viral replication. We recently cloned DNA frag-
flaviviruses and in polymerases of other positive-strand ments in Escherichia coli spanning the entire length of
RNA viruses (Chambers et al., 1990). Other polymerase the RNA genome of dengue type 1 virus (D1-S275/90)
motifs have also been identified (Bruenn, 1991; Koonin, (Fu et al., 1992). We have now successfully demonstrated
1991; Poch et al., 1989). polymerase activity in the purified recombinant NS5 pro-
Polymerase activity was first detected in flavivirus-in- tein, using an in vitro-transcribed RNA, which mimics the
fected cell extracts (Chu and Westaway, 1985, 1987; Grun 3* terminus of the viral genome.
and Brinton, 1986, 1988; Bartholomeusz and Wright,
MATERIALS AND METHODS1993) and observed to be present in the perinuclear en-
Construction of plasmids
We constructed the complete NS5 gene [nucleotide (nt)1 To whom correspondence and reprint requests should be ad-
dressed. Fax: (65)7791117. 7557 to 10283] by ligation of the first quarter of the NS5
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gene (nt 7557 to 8276), which was PCR-amplified from and in vitro-transcribed for use as the RNA substrate.
The cDNA fragment of plasmid p629 was PCR-amplifieddouble-stranded cDNAs, to the remainder of the gene.
The details of the constructions are described below. from random cDNAs obtained as described above using
the specific primers DIR 10090B (5* GGG AAT TCC AGTA 1.8-kbp fragment covering the first part of the NS5
gene, was PCR-amplified with primers DIR 7544S (5* GGT GTG GAT C 3*), which binds to the minus strand of
the cDNA template at nt positions 10,086 to 10,099 ofAGG AGG TCG ACG AGG TAC GGG AGC C 3*), which
contains a unique SalI site, and DIF 9339 (5* CCA CTT D1-S275/90 virus, and DIF 10718S (5* AAG GCC TTA
GAA CCT GTT GAT TCA ACA GCA 3*), which containsCCT CTC TGG TCA CG 3*) (Fu et al., 1992). The PCR
fragment was double-digested with SalI and ClaI (at nt a unique StuI site and binds to the plus strand of the
cDNA template at the last nt position. The PCR fragments8276) to release a 720-bp SalI–ClaI fragment. The re-
maining three-quarter of the NS5 gene was constructed were digested with BamHI and StuI before insertion into
the respective sites of pBluescript SK II vector. Plasmidfrom plasmids pAD73 (nt position 7938 to 9680), pAD154
(nt position 8954 to 10300), and p3T39 [nt position 10090 p629 was transcribed to produce a 629-nt RNA template.
to 10718 (Fu et al., 1992), with the addition of 26As at
Expression and purification of NS5 proteinthe 3* end by poly(A) polymerase (Maniatis, 1988)]. The
BamHI–BglI fragment (nt 7938 to 9243), which was di-
The plasmid pACH3/30 was transformed into E. coli
gested from pAD73, was ligated to the BglI fragment
host strain C600-HfI (BRL) and transformants were grown
(9243 to 10300) obtained by digestion of pAD154 at nt
in LB medium supplemented with 100 mg/ml ampicillin
position 9243. This fragment was inserted into pUC19
at 377. Cultures (OD600 0.6 to 07) were induced for 2 hrvector to generate pJT11 (nt position 7938 to 10300). A
at 307 using 0.1 mM isopropyl-b-D-thiogalactopyranoside
629-bp fragment (10090 to 10718) was obtained by dou-
(IPTG). The cells were harvested by centrifugation and
ble digestion of p3T39 with BamHI and EcoRI, and trans-
resuspended in 150 mM NaCl, 16 mM Na2HPO4 , and 5ferred to the respective sites of the pBluescript SK II
mM NaH2PO4 . The cell suspension was sonicated in 20-vector (Stratagene) to obtain p629A. p629A contains a
s pulses for 3 min, and centrifuged at 10,000 g for 1 hr at
T7 polymerase promoter at the 5* end of the construct
47. Glutathione–Sepharose 4B beads (Pharmacia) were
and a stretch of 26As at the 3* end. The vector pJT11
then added to the supernatant and the protein was al-
was digested with ClaI and BamHI to release the 1.8-
lowed to adsorb to the beads for 1 hr at 47. After washing
kbp ClaI–BamHI fragment (8276 to 10090), which was
the fusion protein-adsorbed beads with phosphate-
inserted into the ClaI and BamHI-digested p629A at nt
buffered saline (PBS), the recombinant NS5 protein was
site 10090 to obtain pJTPSK2. The 720-bp SalI–ClaI frag-
released from the GST carrier by cleavage with 480 ng
ment obtained by PCR was inserted into pJTPSK2 via
of thrombin in 50 mM Tris, pH 8.0, 150 mM NaCl, 2.5 mM
ClaI site at nt position 8276 to generate plasmid p3200A
CaCl2 , and 0.1% b-mercaptoethanol for 4 hr at 47. Thewhich codes for the complete gene of NS5 up to the last
beads were centrifuged and the supernatant containing
nt at the 3* end. A T7 polymerase promoter is present
the NS5 protein was collected. The protein was aliquoted
immediately upstream to the NS5 gene, together with a
and stored in a final concentration of 10% glycerol at
stretch of 26As after the last nt at 10,718. The plasmid 0807. Samples were collected at various stages in the
p3200A was in vitro-transcribed to produce a 3200-nt
purification, analyzed by SDS–PAGE (Laemmli, 1970)
RNA template.
and assayed for polymerase activity. The protein concen-
To express the NS5 protein, the 3.2-kbp insert in
tration was measured by the Bio-Rad protein assay (Bio-
p3200A was released by double digestion with SalI and
Rad Laboratory).
SacI, and transferred to the expression vector pGEX-KG
(Guan and Dixon, 1991). pACH3/30 was generated by Preparation of rabbit antisera
digestion with SalI, blunt-ended with Klenow, digestion
with SmaI, and finally self-ligation. In the process, 45 nt Antiserum against D1-S275/90 was prepared in rabbits
by eight intramuscular inoculations with 1 ml of a 10%contributed by the pGEX-KG vector were removed from
the 5* end of the NS5 gene. The orientation and frame- suspension of suckling mouse brain virus in PBS at inter-
vals of 8 to 12 days. The serum was collected 1 weekwork of the gene in pACH3/30 was determined by se-
quencing (Sequenase Version 2.0, United Biochem) the after the last inoculation. Antirecombinant NS5 serum
was prepared in rabbits by intramuscular inoculation with5* and 3* ends of the cDNA insert. The pGEX-KG vector
contains the glutathione S-transferase (GST) gene from 200 to 500 mg of purified recombinant NS5 protein emul-
sified in complete Freund’s adjuvant (Sigma ChemicalsSchistosoma japonicum, which is under the control of
the tac promoter (Smith and Johnson, 1988), so that when Co.). The rabbits were boosted four times at 1- to 3-
weeks intervals with purified NS5 protein in incompletethe NS5 gene was cloned downstream from the GST, a
fusion protein of 126 kDa was expressed. Freund’s adjuvant (Sigma Chemicals Co). The rabbits
were bled 12 days after the last inoculation.The plasmid p629 (nt 10090 to 10718) was constructed
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Western blot analysis spotted onto a 0.45-mm Whatman filter (Skatron Instr),
washed four times with cold 10% trichloroacetic acid-200
Western blot was performed as described by Towbin mM sodium pyrophosphate, and finally once with 100%
et al. (1979). Protein samples were electrophoresed on ethanol. The filter was air-dried, solubilized in 1 ml of
10% SDS–PAGE and transferred to a nitrocellulose filter scintillation fluid, and its radioactivity measured by count-
using 10 mM CAPS ([cyclohexylamino]-1-propanesul- ing the Cerenkov radiation.
fonic acid, pH 11] and 10% methanol as the transfer When the 32P-labeled RNA products of the polymerase
buffer. The filter was blocked with 1% skim milk in PBS assays were analyzed by gel electrophoresis the reaction
for 1 hr at room temperature and incubated at 47 over- mix was extracted once with phenol/chloroform (v/v, 1:1)
night with rabbit antiserum to D1-S275/90 diluted 1:50 and the RNA was precipitated by ethanol in the presence
in PBS containing 1% bovine serum albumin (BSA). To of 0.3 M Na acetate. The RNA was digested with ribo-
visualize the bands, the filter was incubated with goat nuclease A in the presence and absence of 1 M NaCl
anti-rabbit immunoglobulin coupled to streptavidin- at 377 for 30 min. When globin mRNA (BRL) was used in
horseradish peroxidase (BRL) for 1 hr at room tempera- place of in vitro-generated transcripts, 250 ng of mRNA
ture and developed by 4-chloro-1-naphthol. was added. About 12.5 ng of the oligo(U) primer prepared
as described by Plotch et al. (1989) was added.
Preparation of RNA templates and oligo (U) primer
for polymerase assay Preparation of M13mp18NP4(/) and
M13mp19NP2(0)To prepare RNA templates, the plasmids p629, p629A,
and p3200A were linearized with NotI and used to gener- Plasmid p629 was double-digested with BamHI and
ate run-off transcripts. Between 1 and 2 mg of the NotI- SacI to release a 629-bp cDNA fragment. The 629-bp
digested plasmids were transcribed using 50 units of T7 BamHI–SacI cDNA fragment was inserted into the re-
polymerase (New England Biolabs) in the presence of spective restriction enzyme sites of M13mp18 and
11 transcription buffer (New England Biolabs), 0.02 mM M13mp19 (New England Biolabs), and transformed into
DTT, 0.4 mM of each NTPs and 250 units of human E. coli DH5 F* to generate single strand M13mp18NP4(/)
placental ribonuclease inhibitor (HPRI, Amersham) at 377 and M13mp19NP2(0), respectively. Phages were grown
for 1 hr. To this was added 5 units of RNase-free DNase and the replicative-form and single-stranded DNAs puri-
and the mixture incubated at 377 for another 15 min to fied by described methods (Maniatis et al., 1988). Phages
remove all traces of cDNAs. The reaction mix was ex- were screened in the presence of X-gal and IPTG. Repli-
tracted three times with phenol/chloroform (v/v, 1:1), and cative-form DNA was purified from phage stocks grown
the RNA precipitated in 0.1 vol of 3 M sodium acetate, from clear plaques. Restriction analysis was performed
pH 5.2, and 2.5 vol of 100% ethanol. When the RNA tem- with BamHI and SacI to ensure the presence of p629
plates were used for band-shift, NotI-digested plasmids cDNA insert. Single-stranded DNAs were purified and
were transcribed in the presence of 50 mCi of [a-33P]UTP. sequenced to check the polarity of the DNAs.
M13mp18NP4(/) contained the positive-strand of theBand-shift assays
p629 cDNA insert and M13mp19NP2(0) contained the
minus-strand of the p629 cDNA insert.20 mg of recombinant NS5 protein was allowed to bind
100 ng of [a-33P]-629 nt RNA template, transcribed from
Hybridizationp629 and p629A, at 307 for 20 min in 12 ml containing 50
mM Tris–HCl, pH 7.2, 10 mM DTT, 60 mM NaCl, 60 mM
M13mp18NP4(/) and M13mp19NP2(0) single-strand
KCl, 2 mM MgCl2 , and 2% glycerol. Two microliters of DNAs were electrophoresed in a 0.8% agarose in 11
loading buffer containing 40% (w/v) sucrose, 0.25% xylene
TBE as described by Maniatis et al. (1988). DNA was
cyanol, and bromophenol blue was then added and the
transferred from the agarose gel to a nitrocellulose mem-
mixture run in a 6% PAGE gel.
brane (Amersham) and hybridization was performed ac-
cording to the manufacturer’s instructions. The probeEnzymatic assays
consisted of the 32P-polymerase products which were
prepared under the standard polymerase assay condi-The polymerase assay (Flanegan and Baltimore, 1977)
was performed at 307 in 50-ml reaction volumes con- tions with [a32P]UTP as the label in the presence of the
3200-nt RNA template. The reaction mixture was boiledtaining 0.6 to 1 mg of purified NS5 protein, 50 mM HEPES,
pH 7.3, 100 mM UTP, 0.4 mM ATP, 0.4 mM CTP, 0.4 mM for 5 min before adding to the hybridization mix of 51
SSPE, 51 Denhardt’s solution, 0.5% SDS, and 50 mg/mlGTP, 4 mM dithiothreitol, 3 mM magnesium acetate, 6
mM ZnCl2 , 1 mg of in vitro-transcribed RNA template, of sonicated salmon sperm DNA (Sigma Chemicals Co).
Hybridization was allowed to proceed overnight at 657.60 units of HPRI and 10 mCi of [a-32P]UTP (800 Ci/mM,
Amersham). A volume of 5 ml was removed hourly and The blot was washed in 21 SSPE, 0.1% SDS at room
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was confirmed by immunoblotting with rabbit antiserum
to D1-S275/90 virus (Fig. 1B). Polymerase activity was
assayed at various stages of purification of the recombi-
nant protein using the method of Flanegan and Baltimore
(1977). The recombinant NS5 protein fused to the GST
carrier was inactive and only the final purified form, after
thrombin cleavage, showed activity (data not shown). The
purified recombinant NS5 protein had a specific activity
of 4.5 pmol UMP incorporation per mg of NS5.
Demonstration of polymerase activity in NS5
Using a bandshift assay we successfully demonstrated
binding of the recombinant NS5 protein to the 629-nt RNA
template, in the absence (Fig. 2, lanes 1 and 2) and pres-
FIG. 1. (A) Expression and purification of recombinant NS5 protein ence of poly(A) (lanes 3 and 4). The recombinant NS5
in E. coli. Plasmid pACH3/30 was introduced into E. coli C600-HfI strain protein bound to the 629 nt RNA and the NS5-RNA com-
and induced with IPTG. Recombinant NS5 protein was prepared from
plex was identified in a nondenaturing PAGE gel. In thethe crude cell lysate and analyzed in a 10% SDS–PAGE gel. The gel
absence of added recombinant NS5 protein, a single-la-was stained with Coomassie brilliant blue. Lane 1, crude cell lysate
before induction; lane 2, crude cell lysate after induction by 0.1 mM beled band of free RNA (R) was observed (lanes 1 and
IPTG for 2 hr at 307; lane 3, crude cell lysate after sonication; lane 3), while the presence of the recombinant NS5 protein in
4, pellet of sonicated induced cell lysate after centrifugation; lane 5, the assay produced a second band corresponding to a
glutathione affinity-purified fusion protein, GST-NS5, containing the NS5
NS5–RNA complex (C) (lanes 2 and 4).protein attached to the C-terminus of its GST carrier; lane 6, NS5 protein
Polymerase activity of the purified recombinant NS5after thrombin cleavage of fusion protein. (B) Immunoblot analysis of
recombinant NS5 protein. Lane 1, GST-NS5 protein; lane 2, purified NS5 protein was demonstrated by the incorporation of [32P]-
protein. Lane M, High molecular weight protein markers (in kilodaltons). UMP (Flanegan and Baltimore, 1977) into newly made
RNA strands using RNA templates whose 3* terminal
sequence is identical to that of the viral genome (Figs.
temperature for 10 min in 11 SSPE, 0.1% SDS at 657 for
3A–3C). Incorporation of [32P]UMP into the newly synthe-
15 min, and in 0.11 SSPE, 0.1% SDS at 657 for another
sized RNA increased linearly over a period of 4 hr. A 10-
10 min. The blot was dried and then exposed to X-ray at
fold increase in [32P]UMP incorporation was observed0807 overnight.
using the p629 template (Figs. 3A and 3B), while an ap-
proximate 1000-fold increase in UMP incorporation wasGel electrophoresis
observed when the larger p3200A template was used in
Polymerase RNA products were electrophoresed in 6% the polymerase assays (Fig. 3C). The 32P-polymerase
PAGE gel with 11 TBE buffer (Gel-mix, BRL) as the run- RNA products were also visualized using a 6% PAGE gel
ning buffer. Under denaturing conditions, polymerase
RNA products were electrophoresed in a 1.5% formalde-
hyde-agarose gel (Maniatis et al., 1988). The gel was
dried and autoradiographed.
SDS – PAGE gel was performed as described by
Laemmli (1970).
RESULTS
Purification of recombinant NS5 protein
We obtained approximately 0.5 mg of purified recombi-
nant GST–NS5 protein from 1 liter of bacterial culture. FIG. 2. Binding of the recombinant NS5 protein to 32P-labeled RNA
The 126-kDa fusion protein was found predominantly in template. The recombinant NS5 protein was allowed to bind to the
RNA and the NS5–RNA complex electrophoresed in 6% native PAGEthe soluble portion of the sonicated bacterial cell lysate
gel. Lane 1, free RNA, R, in vitro-transcribed RNA template of 629 nt;with less than 1% present in the cell pellet (Fig. 1A).
lane 2, complex formation, C, of recombinant NS5 protein and the inFollowing thrombin cleavage, analysis of the recombi-
vitro transcribed RNA template; lane 3, free RNA, R, in vitro-transcribed
nant NS5 protein by SDS–PAGE and Coomassie blue- RNA template of 629 nt with a stretch of 26As attached to the last nt;
staining revealed a single protein band of 100 kDa (Fig. and lane 4, complex formation, C, of recombinant NS5 protein and the
in vitro-transcribed RNA template with the 26As.1A, lane 6). The identity of the recombinant NS5 protein
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template RNA and found no significant difference in the
level of polymerase activity using either templates with
(26As) or without a poly(A) tail (Fig. 3). A longer poly(A)
tail of 42As did not result in an increase of polymerase
activity (results not shown). Although no poly(A) tail has
been reported for dengue virus the presence of a poly(A)
tail has been reported for both tick-borne encephalitis
virus isolated from ticks (Mandl et al., 1991) and hepatitis
C virus isolated from chimpanzee serum (Han et al.,
1991). In addition, Wengler and Wengler (1991) observed
that NS3 protein, the putative helicase, isolated from
West Nile virus-infected cells had binding sites for
poly(A) and that the NTPase activity was stimulated in
the presence of poly(A). Our results indicate that although
the recombinant NS5 protein was found to bind to tem-
plate with poly(A) tails (data not shown), its polymerase
activity is independent of a poly(A) tail of up to 42As in
length.
To determine whether NS5 could polymerize nonden-
gue viral templates, the enzyme was incubated with rab-
bit globin mRNA in the absence (Fig. 5, lane 1) and pres-
ence (lane 2) of the primer oligo (U). In both cases, tem-
plate-sized products of 600 bp were obtained. SimilarFIG. 3. Polymerase activity of recombinant NS5 assayed by incorpo-
observations have been reported for recombinant en-ration of [32P]UMP. The polymerase assay was performed at 307 in 50-
ml reaction volume containing 4 ml (about 0.6 to 1 mg) of purified NS5, cephalomyocarditis viral polymerase (Sankar and Porter,
50 mM HEPES, pH 7.3, 100 mM UTP, 0.4 mM ATP, 0.4 mM CTP, 0.4 1991) and recombinant picornavirus polymerase (Fla-
mM GTP, 4 mM dithiothreitol, 3 mM magnesium acetate, 6 mM ZnCl, negan and Baltimore, 1977; Dasgupta et al., 1979;
60 U of HPRI, 10 mCi of [a-32P]UTP (800 Ci/mM), and 1 mg of in vitro-
Tuschall et al., 1982; Van Dyke et al., 1982; Plotch et al.,transcribed (A) p629-RNA template of (j), (B) p629A-RNA template (l),
1989; Neufeld et al., 1991).and (C) p3200-RNA template (l). Controls (h, s, L) include RNA
templates without NS5.
Characterization of polymerase assay products
The 32P-polymerase RNA products were separated inunder nondenaturing conditions (Fig. 4). We confirmed
a 6% PAGE gel under nondenaturing conditions afterthat these polymerase products were specifically synthe-
treatment with ribonuclease. The polymerase productssized by the recombinant NS5 protein by preincubation
of the NS5 protein with preimmune and antirecombinant
NS5 immune serum. A volume of 10 ml of protein A–
Sepharose (Sigma Chemicals Co.)-purified (Harlow and
Lane, 1988) preimmunization or immune serum con-
taining about 100 mg IgG was incubated with 1 mg of
NS5 for 5 min at 307 in the presence of polymerase assay
reagents without the template. p629-generated RNAs
and 10 mCi of [a-32P]UTP (800 Ci/mM) were then added
and the mixture was assayed for polymerase activity.
The preimmune serum had no effect on the polymerase
activity resulting in the synthesis of a complete product
of 629 bp and a smaller undefined RNA band (lane 1),
while the antirecombinant NS5 immune serum (lane 2)
inhibited greater than 99% of the polymerase activity.
Under nondenaturing conditions, this smaller RNA spe-
cies was detected which was identical in size to the
FIG. 4. Inhibition of polymerase activity of NS5 by anti-recombinantsmaller products observed under denaturing conditions.
NS5 antibodies. Lane 1, NS5 preincubated with preimmunization se-
It presumably represents an incompletely synthesized rum; lane 2, NS5 preincubated with immune serum before polymerase
labeled RNA product. assay. Sizes of bands indicating DNA marker, HaeIII-digested FX174
DNA, in base pairs.We investigated the effect of poly(A) tail addition to the
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FIG. 5. Analysis of 32P-labeled RNA products using 250 ng of globin
FIG. 7. Size analysis of polymerase products. Polymerase productsmRNA as template. Lane 1, in the absence of oligo (U) primer; lane 2,
were synthesized under standard reaction conditions and electropho-in the presence of oligo (U) primer. Sizes of bands indicating DNA
resed in 1.5% formaldehyde-agarose gel. Lane 1, with p629-RNA tem-marker, HaeIII-digested FX174 DNA, in base pairs.
plate; lane 2, with p629-RNA template; and lane 3, with p3200A-RNA
template. The polymerase products were sized with RNA markers (BRL)
in kilobases which were ethidium bromide-stained. Single arrow, 629were sensitive to digestion by ribonuclease A in the ab-
nt; double-arrow, 3200 nt. Sizes of bands indicating RNA marker, insence of NaCl (Fig. 6, lane 4) but not in the presence of
kilobases.1 M NaCl (lane 5). This clearly demonstrates that the
newly synthesized RNA strand consists of RNA and ex-
ists as a double-stranded RNA molecule. This presum- polymerase product is similar in size to the respective
ably results from the annealing of the RNA template to RNA template used (Fig. 7, double-arrow representing
the newly synthesized RNA minus-strand products. 3200 nt and single arrow, 629 nt, respectively). This sug-
The size of the polymerase products generated by re- gests that the polymerase product is a loop-back product
combinant NS5 protein using the three RNA templates in which the two ends of the ds RNA are not covalently
from p629, p629A, and p3200A was measured by com- linked together. In addition, a range of smaller polymer-
paring the migration of the polymerase products with ase products were observed. These smaller RNA species
RNA markers using formaldehyde-agarose gel electro- presumably represent partially or incompletely synthe-
phoresis (Fig. 7). The recombinant NS5 protein synthe- sized RNA products.
sized a variety of polymerase products, but the major The polarity of the 32P-polymerase products generated
from RNA template from p3200A was determined by hy-
bridization to cloned dengue virus cDNAs (Fig. 8).
M13mp18NP4(/) and M13mp19NP2(0) contained ss
DNAs corresponding to the positive and negative sense
of the p629-cDNA, respectively. The polymerase prod-
ucts successfully hybridized to M13mp18NP4(/) (lane
2), indicating that the polarity of the polymerase products
was negative and complementary to that of the p629
RNA template. No binding of the polymerase product was
observed to either the M13 mp18 (lane 1) or
M13mp19NP2(0) (lane 3) in the hybridization.
DISCUSSION
We have successfully expressed NS5 in E. coli using
cloned DNA fragments of dengue type 1 virus (Fu et al.,FIG. 6. The effect of ribonuclease activity on the polymerase products
1992). The purified recombinant protein was enzymati-template. The 32P-labeled RNA polymerase products obtained using
p629 were treated with or without ribonuclease and analyzed on a 6% cally active and we demonstrated the polymerase activity
PAGE gel under nondenaturing conditions. Lane 1, with template only; in the absence of either viral or host cofactor. This shows
lane 2, with NS5 only; lane 3, with both template and NS5; lane 4, after that NS5 was able to recognize a sequence on the tem-
digestion of polymerase assay products with ribonuclease A in the
plate, bind to it, and copy the positive-sense template toabsence of NaCl; and lane 5, after digestion with ribonuclease A in
complete double-stranded forms. Although the majorthe presence of 1 M NaCl. Sizes of bands indicating DNA marker,
HaeIII-digested FX174 DNA, in base pairs. RNA species synthesized was a template-sized product,
/ 6a0f$$7700 01-26-96 23:55:12 viras AP-Virology
323RECOMBINANT NS5 PROTEIN EXHIBITS RNA POLYMERASE ACTIVITY
in the secondary structure observed for the different tem-
plates may produce different binding affinities. The re-
combinant NS5 protein was able to polymerize globin
mRNA in addition to dengue virus RNA. Similar observa-
tions have been made with recombinant picornavirus
polymerases (Hey et al., 1986; Plotch et al., 1989; Sankar
and Porter, 1991). However, it is likely that although the
nonviral templates can be polymerized, the virus enzyme
will show greater affinity for its viral template. This con-
clusion is supported by Cui et al. (1993), who showed
that although the recombinant EMC virus polymerase
could efficiently polymerize RNA templates from both
EMC virus and globin, the enzyme showed greater bind-
ing affinity for the viral template.
The level of UMP incorporation obtained in all the ex-
periments was relatively low compared to that for the
FIG. 8. Polarity of polymerase products determined by Southern blot purified picornavirus polymerases, indicating that the pu-
analysis. Single-stranded M13 DNA containing cloned virus cDNA rep- rified recombinant NS5 had low polymerase activity. This
resenting the negative (0) and positive (/) strand polarity were electro- may be related to the length of the RNA template used in
phoresed through 0.8% agarose gel (A), transferred to a nitrocellulose
polymerase assays since our p629-derived RNA templatemembrane by capillary action, and probed using the 32P-polymerase
molecule represented only 6% of the viral genome. Thisproduct from the p3200A-RNA template (B). Lane 1, M13mp18, single-
stranded DNAs from vector; lane 2, M13mp18NP4(/), positive single- conclusion is supported by the 1000-fold increase in
stranded DNAs from p629-cDNA; and lane 3, M13mp19NP2(0), single- UMP incorporation when a longer template (p3200A),
stranded DNAs, complementary to the p629-cDNA. Sizes of bands indi- equivalent to 30% of the viral genome, was used in the
cating 1 kbp DNA marker, in kilobase pairs.
polymerase assays. The viral genome was not employed
as the RNA substrate in in vitro assays since the yield
of viral RNA obtained from each preparation was verysmaller RNA species were also observed, due to prema-
ture termination. This observation was also made with a low (Fu et al., 1992). In vitro transcripts which mimic the
3* terminus of the dengue virus genome (629 and 3200larger template of 3200 nt which gave a higher range of
smaller products. Our data indicate that the polymerase nt from the last nt at 10718) were used instead in the
polymerase assays. However, low polymerase activityproducts were double-stranded molecules as no single-
stranded RNA molecules were detected. This implies that has also been reported for the polymerases of West Nile
(Grun and Brinton, 1986) and Kunjin (Chu and Westaway,the NS5 protein results in the formation of a replicative
intermediate and that some other factor, either viral such 1985, 1987) viruses, suggesting that the low polymerase
activity may be a general phenomemon among flavivi-as the postulated helicase protein, NS3, or cellular, is
required to dissociate this intermediate thus allowing the ruses. This could be a major factor which determines
the slow rate of dengue virus replication in animal cells.synthesis of more RNA molecules. NTPase activity, which
has been demonstrated in helicase proteins, has also A final possibility to account for the low NS5 polymer-
ase activity in our in vitro assays may be the involvementbeen found in flaviviral NS3 protein (Wengler and Wen-
gler, 1991; Warrener et al., 1993). This suggests that NS3 of other unidentified viral or host cofactors to stimulate
activity. In previous studies polymerase activity was mea-may play a role in unwinding intermediates during repli-
cation. sured in infected cell-free extracts containing crude repli-
cation complexes, which included viral polymerase,The formation of a stable secondary structure may
serve to prime the minus strand in the in vitro polymerase RNAs, and other unidentified viral and host proteins (Bar-
tholomeusz and Wright, 1993; Chu and Westaway, 1985,assay. A stable stem–loop structure involving nt 18–67
from the last nt has been predicted by computer pro- 1987; Grun and Brinton, 1986; 1988). These polymerase
products were then extracted and used as exogenousgrams and demonstrated to exist in solutions (Brinton et
al., 1986; Hahn et al., 1987; Mohan and Padmanabhan, templates to produce more polymerase products (Chu
and Westaway, 1987). The synthesis of new strands was1991; Takegami et al., 1986; Wengler and Wengler, 1981;
Wengler and Castle, 1986; Zhao et al., 1986). Stem and blocked successfully by rabbit antisera to the viral NS3
and NS5 proteins (Bartholomeusz and Wright, 1993), indi-loop structures have been demonstrated both for other
RNA virus sequences and globin mRNA at the 3* ends cating that the NS3 protein, in addition to NS5, partici-
pates in flaviviral genome replication. In addition, it is(Ahlquist and Kaesberg, 1979). This secondary structure
formation is likely to be a prerequisite for the initial bind- also likely that the virus uses host cell factors, presently
unidentified, to facilitate the replication of the virus ge-ing of the respective RNA polymerase, but the differences
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lated region of flavivirus RNAs and potential cyclization sequences.nome (Shina et al., 1995). With the in vitro demonstration
J. Mol. Biol. 198, 33–41.of polymerase activity in recombinant NS5 protein it is
Han, J. H., Shyamala, V., Richman, K. H., Brauer, M. J., Irvine, B., Urdea,now possible to investigate factors which regulate den- M. S., Tekamp-Olson, P., Kuo, G., Choo, Q.-L., and Houghton, M.
gue virus replication and to identify the host cell and (1991). Characterisation of the terminal regions of hepatitis C viral
virus factors which are involved in the replication of the RNA: Identification of conserved sequences in the 5* untranslated
region and poly(A) tails at the 3* end. Proc. Natl. Acad. Sci. USA 88,dengue virus genome.
1711–1715.
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